PENING the dura mater represents a critical moment during craniotomy for brain tumors. Cerebral swelling through the craniotomy can seriously jeopardize surgical access and increase the risk of cerebral ischemia with possible worsening of the outcome. During the preoperative evaluation the anesthesiologist attempts to identify risk factors responsible for perioperative brain swelling. Traditionally, preoperative CT study data on the estimated tumor size, midline shift, and edema formation together with the clinical status of the patient (level of consciousness and neurological symptoms) are used to assess the risk of ICP hypertension. As a consequence, the neurosurgeon, in cooperation with the neuroanesthesiologist, may decide whether ICP-reducing therapy is indicated before opening the dura and exposing the brain. In a preliminary study we demonstrated that subdural ICP is closely correlated to the risk of brain swelling/herniation after opening the dura mater during craniotomy in patients undergoing surgery for a brain tumor or aneurysm.
These data were collected prospectively and included demographic, anesthetic, physiological, and radiographic information from patients who had undergone elective craniotomy while supine for supratentorial brain tumors. Since January 1994 we have routinely monitored subdural ICP for elective craniotomy. Our data were collected between March 1994 and January 2003 and in 975 patients. Two hundred eighty-three patient records were excluded because data concerning one or more of the independent variables were missing, leaving 692 patients for analysis.
Neuroradiological Examination and Histopathological Diagnosis
Preoperative CT or MR studies demonstrated the location of the tumor and the extent of the midline shift. The neuroradiological examination was usually performed within 30 days of surgery. To estimate tumor size the maximal cross-sectional area was measured on the basis of the CT or MR images and by using the formula for the area of an ellipse (that is, area = ab, where a is half the length and b is half the width of the tumor). 7 Histopathological diagnosis was obtained from the neuropathological report.
Anesthesia and Monitoring
The patients were premedicated with diazepam (5-20 mg administered orally) 1 hour before anesthesia was induced. If preoperative corticosteroid or anticonvulsion treatment was instituted, it was given together with diazepam. Patient monitoring before induction of anesthesia consisted of automated noninvasive blood pressure, continuous electrocardiography, and pulse oximetry. After induction of anesthesia, end-tidal CO 2 and concentration of inspired and expired anesthetic gases were monitored continuously (AS-3; Datex-Ohmeda, Helsinki, Finland). A radial artery catheter was inserted for continuous blood pressure monitoring and blood sampling. Controlled ventilation (fraction of inspired O 2 40-50% by O 2 /air) was applied, and the patients underwent ventilation with PaCO 2 and PaO 2 levels between 4 and 5 kPa and greater than 13 kPa, respectively. The level of PaCO 2 was achieved through continuous monitoring of pulmonary ventilation and end-tidal CO 2 and verified by arterial blood gas analysis (Radiometer A/S, Copenhagen, Denmark).
Between March 1994 and January 2003, four different anesthetic regimens were used in our department as standard protocol for supratentorial craniotomy.
Isoflurane and Fentanyl. Anesthesia was induced with 4 to 6 mg/kg thiopentone and 2 to 4 g/kg fentanyl. Lidocaine (1 mg/kg) was administered during a 1-minute interval followed by 0.5 mg/kg atracurium for muscular relaxation. Anesthesia was maintained using isoflurane (maximal 1.5 minimum alveolar concentration) and fentanyl (2-3 g/ kg/hr).
Sevoflurane and Fentanyl. Anesthesia was induced using 1 to 3 mg/kg propofol and 2 to 4 g/kg fentanyl. Lidocaine and atracurium were administered at the same doses and in the same manner as those patients who received isoflurane and fentanyl. Anesthesia was maintained using sevoflurane (maximal 1.5 minimal alveolar concentration) and fentanyl (2-3 g/kg/hr).
Propofol and Fentanyl. Anesthesia was induced using 1 to 3 mg/kg propofol and 3 to 4 g/kg fentanyl. Lidocaine (1 mg/ kg) was administered during a 1-minute interval followed by 0.5 mg/kg atracurium or 0.15 mg/kg cisatracurium for muscular relaxation. Anesthesia was maintained with infusions of propofol (6-10 mg/kg/hr) and fentanyl (2-3 g/kg/ hr). The infusion rates of propofol and fentanyl were unchanged during ICP measurements.
Propofol and Remifentanil. Anesthesia was induced using 1 to 3 mg/kg propofol supplemented with 0.5 to 1 g/kg remifentanil during 1 minute followed by 0.1 to 0.15 mg/ kg cisatracurium for muscular relaxation. Anesthesia was maintained with 0.2 to 0.5 g/kg/min remifentanil and 4 to 8 mg/kg/hr propofol.
None of the patients in the study received nitrous oxide.
Fluid Administration and Regulation of Blood Pressure
Normal saline (15 ml/kg) was infused for the 1st hour after induction of anesthesia followed by infusions of 2 to 4 ml/kg/hr. Moreover, to counteract the blood pressure decrease observed after the induction of anesthesia, 6% hydroxyethyl-starch (500 ml) was infused during a period of 30 minutes. A decrease in systolic pressure exceeding 20 mm Hg compared with the preoperative level was treated with 5 to 10 mg ephedrine intravenously. Bupivacaine (0.25%, 5-10 ml) was used for analgesic purposes in the scalp before surgical incision.
Subdural ICP Measurement
Intracranial pressure was measured via a subdural ap- proach, as previously described. 4 Briefly, an intravenous needle (22 gauge, 0.8 mm) was connected to a pressure transducer by a polyethylene catheter. A zero-point adjustment was performed with the tip of the needle placed at the intended insertion point through the dura mater. The needle was eased through the dura until a continuous recording of ICP with typical cardiac and respiratory waves appeared. After 1 minute of stabilization, the integrated mean value of subdural pressure was used as an estimate of ICP. Cerebral perfusion pressure was calculated as the difference between MABP and ICP. Blood was withdrawn simultaneously from the arterial catheter to measure PaO 2 and PaCO 2 . The number of subdural ICP readings with corresponding arterial blood samples ranged from 1 to 3 in each patient, depending on whether ICP reduction therapy (see later) was instituted. The measurements were obtained during a 2-to 15-minute time frame, depending on the number of measurements.
Characterization of Cerebral Swelling
The degree of cerebral swelling was evaluated by the neurosurgeon after opening the dura mater. Swelling was characterized as follows: 1) brain below the level of the dura; 2) brain at the level of the dura; 3) moderate swelling of the brain; and 4) pronounced swelling of the brain.
Data Selected for Analysis
We previously demonstrated that a subdural ICP greater than 10 mm Hg is associated with a high probability of cerebral swelling through the dural opening. 3 Consequently, we have developed a guideline in our department to institute in a stepwise manner hyperventilation (PaCO 2 attempted between 3 and 4 kPa), osmotherapy (mannitol 0.5-1 gr/ kg), 5 to 15˚ reverse Trendelenburg position, or indomethacin (bolus dose of 0.2-0.4 mg/kg) to reduce ICP when perioperative recordings were greater than 10 mm Hg. These therapies are instituted in random order in cooperation with the neurosurgeon. None of these therapeutic measures were incorporated into the present study, however. The data selected for analysis from each patient therefore represent the last recordings of ICP, hemodynamic, and ventilatory values obtained immediately before opening the dura mater and characterizing the degree of brain swelling.
Statistical Analysis
The outcome variable was dichotomized as the presence (patients classified as having either moderate or pronounced brain swelling) or absence (patients classified with brain below or at the level of the dura mater) of cerebral swelling through the dural opening during craniotomy.
Several continuous (patient age and weight, tumor size, midline shift, ICP, MABP, and CPP) and categorical (sex, histopathological characteristics, tumor localization, and anesthetic regimen) independent variables that might contribute to perioperative brain swelling were chosen (Table 1).
We performed a multivariate logistic regression to determine the predictors of intraoperative brain swelling. The listed independent variables might contribute to the degree of subdural ICP; consequently, the logistic regression analysis was performed with and without adjustment for ICP.
The results of the logistic regression analysis are presented as ORs with CIs and probability values. For a continuous variable x, the OR is a measure of the risk change associated with a unit change in x. This estimate is obtained as the logarithm of the slope estimate from the logistic regression analysis. A probability value less than 0.05 was considered to be significant. To illustrate the impact of ICP on the risk of brain swelling, a logistic regression curve was calculated using the equation p = p(
, where p is the probability of brain swelling, b 0 and b 1 are the intercept and slope estimates from the logistic regression analysis, and x is ICP.
Surgical access during craniotomy often depends on the degree of brain swelling observed. Therefore, patients with brain swelling were divided into two groups: those with moderate brain swelling and those with pronounced brain swelling. Logistic regression analysis was further used to calculate the impact of ICP on the risk of severe brain swelling by using the aforementioned equation.
Results
Classification of the degree of brain swelling in the 692 patients is demonstrated in Table 2 .
Predictors of Intraoperative Brain Swelling
The logistic regression analysis identified four independent predictors of intraoperative brain swelling (Table 3) . Subdural ICP was the strongest predictor of intraoperative brain swelling (OR 1.9, 95% CI 1.72-2.1, p Ͻ 0.0001). The degree of midline shift (OR 1.06, 95% CI 1.02-1.11, p = 0.008), and a histopathological diagnosis of GBM (OR 2.1, 95% CI 1.01-4.3, p = 0.047) and metastasis (OR 2.9, 95% CI 1.3-6.9, p = 0.01) were independent predictors of brain swelling.
The relation between ICP and the risk of moderate and severe brain swelling including 95% CIs is shown in Fig. 1 . At an ICP less than 5 mm Hg, brain swelling rarely occurred (5% probability). At an ICP greater than 13 mm Hg, brain swelling occurred with a 95% probability. At an ICP greater than 26 mm Hg, severe brain swelling occurred with a 95% probability (Fig. 2) .
Discussion
In this study we demonstrated that subdural ICP and, to a lesser degree, midline shift and a histopathological diagnosis of GBM and metastasis significantly predicted the risk of cerebral swelling after opening the dura mater in patients with supratentorial cerebral tumors. In preliminary studies of patients subjected to craniotomy for supra-and infratentorial tumors, a significant correlation was demonstrated between subdural ICP and the degree of cerebral swelling. 4, 5 In a cohort study of 178 patients undergoing craniotomy for supratentorial tumors or subarachnoid hemorrhage, a good correlation existed between subdural ICP and the degree of cerebral swelling after opening the dura. 3 Thus, at a subdural ICP less than 7 mm Hg cerebral swelling rarely occurred, whereas at an ICP greater than 10 mm Hg cerebral swelling occurred with high probability. These thresholds were independent of the pathophysiological features of the lesion (tumor compared with subarachnoid hemorrhage), the anesthetic agents used (propofol and fentanyl compared with isoflurane and fentanyl), and the PaCO 2 level obtained while measuring subdural ICP. The upper threshold defined by Bundgaard, et al., 3 is in accordance with that in the present study in which an ICP greater than 10 mm Hg was associated with an 83% risk of cerebral swelling. Furthermore, at an ICP greater than 13 mm Hg, brain swelling occurred with a 95% probability. In contrast to other findings by Bundgaard, et al., cerebral swelling rarely occurred at an ICP less than 5 mm Hg (5% probability), and an ICP less than 7 mm Hg was associated with a 16% risk of brain swelling. These differences may be explained by the different statistical methods used and the number of patients analyzed.
Surgical access during craniotomy is impeded when severe brain swelling occurs. In this study severe brain swelling occurred with a 95% probability at an ICP greater than 26 mm Hg. This threshold is higher than that reported by Todd, et al., 9 in which an ICP of 18 mm Hg (SD ~18 mm Hg) was associated with severe brain swelling in a sample of 11 patients. The large difference in SD, ICP measurement technique, and a small patient sample size may account for this difference.
Data from studies of epidural ICP measured through the first burr hole correlate significantly with the degree of cerebral swelling in patients with supratentorial tumors. 9 The epidural ICP threshold at which cerebral swelling occurs appears to be greater compared with the subdural ICP thresholds associated with swelling. The ICP recording procedure (epidural compared with subdural ICP) may account for this difference; however, other factors may contribute. In the present study a considerable number of patients received ICP reduction therapy before they underwent opening of the dura mater. In all of these cases ICP readings were obtained repeatedly in an attempt to decrease ICP to less than 10 mm Hg. In most cases we observed that these therapies reduced ICP to a certain extent. Note, however, that we were only able to estimate the degree of cerebral swelling once in each patient and therefore we cannot provide data on whether these interventions reduced the degree of brain swelling. Because we included only the last subdural ICP measurement before opening the dura, it is likely that the 5 and 95% ICP thresholds for brain swelling would be lower in a patient population that did not receive ICP reduction therapy. The interval between an epidural ICP measurement through the first burr hole and opening of the dura (~10-20 minutes) may interfere because factors influencing ICP, including the level of PaCO 2 and blood pressure, may differ. Furthermore, cerebral decompression after removal of the bone flap is accompanied by a decrease in ICP, 8 with the size of the craniotomy being likely to influence subdural ICP recordings. After removal of the bone flap subdural ICP is influenced by gravity. 2 Thus, ICP in the declive is the highest during the craniotomy. Furthermore, subdural ICP is influenced by the mass-expanding lesion, with its highest measure in the immediate vicinity of the tumor. Moreover, previous reports indicate that subdural ICP measurement is a better predictor of brain swelling compared with estimation of dural tension by the neurosurgeon. 3 Given these observations from prior series along with findings from the current study, we hypothesize that subdural ICP is a better predictor of the risk of cerebral swelling than estimation of dural tension, intraventricular ICP, or epidural ICP, the last of which is measured in the fringe of the craniotomy opening and, consequently, at a certain distance from the massexpanding lesion.
The safety of our ICP measurement technique requires comment. A small subarachnoid hemorrhage after opening of the dura mater was observed in 0.6% of our patient population. The surgical incision may have been the cause of hemorrhage; however, we cannot exclude the possibility that hemorrhage was caused by the insertion of the needle during ICP measurement. In all of these cases, however, ICP was within acceptable limits (mean value 8 mm Hg, data not shown) and the operation progressed without complication. Thus, the incidence of traumatic subarachnoid hemorrhage did not affect the operating conditions. In addition, we observed no visible traumatic lesions of the cortical tissue below the needle insertion point.
In previous studies of patients with supratentorial brain tumors, tumor size, ventricular effacement, and shift of midline structures are not reliable predictors of elevated ICP measured during craniotomy. 1, 9 In contrast, the degree of cerebral edema surrounding the tumor is correlated to ICP. 1 Likewise, contralateral ventricular dilation is an early indicator of ICP hypertension. 6 The significant predictive value of midline shift as well as the nonpredictive value of tumor size in the present study must be regarded critically. A mean of 1 week elapsed between the CT scanning and the craniotomy. In this period, the growth of the tumor and the formation of cerebral edema may have increased midline shift. On the other hand, corticosteroid treatment might decrease the shift of midline structures. We did not estimate the degree of either cerebral edema or contralateral ventricular dilation, which in other studies has been documented to correlate with ICP, because estimation would be based on a graduation and not an exact area or volume. Thus, findings from the present study do not mitigate the need for a more meticulous CT scan-based estimation of tumor size and the degree of cerebral edema immediately before craniotomy; such data would provide more valuable predictive information about perioperative ICP and the degree of cerebral swelling.
In a recent clinical trial of supratentorial cerebral tumors, subdural ICP was lower and the degree of cerebral swelling was less pronounced during anesthesia maintained using propofol and fentanyl compared with that maintained with isoflurane and fentanyl or sevoflurane and fentanyl. 7 In the present study, the adjusted ORs for isoflurane and sevoflurane anesthesia were increased nonsignificantly compared with those for propofol and fentanyl anesthesia. The loss of selection criteria and allocation to a particular anesthetic regimen in the present study are assumed to be the reasons for this discrepancy.
In the present study we demonstrated that patients with GBM or metastasis had a significantly greater OR compared with patients harboring a meningioma. This observation is explained by the benign nature of the slow-growing meningioma in which cerebral edema rarely contributes to the mass effect of the tumor.
Unfortunately, we are unable to provide data concerning outcome in these patients. Parameters such as tumor type, tumor location, preoperative morbidity, and patient age and sex may have a strong influence on outcome. Thus, to assess whether the prediction of cerebral swelling through measuring of subdural ICP has any influence on surgical outcome would require a large-scale randomized study.
Conclusions
Subdural ICP measured before opening the dura mater is a dominant predictor of brain swelling through the dural opening; ICPs greater than 13 mm Hg and less than 5 mm Hg are associated with a 95 and 5% risk of brain swelling, respectively. Perioperative subdural ICP measurement enables the neurosurgeon in cooperation with the neuroanesthesiologist to initiate preventive measures for reducing ICP before opening the dura mater.
